Sugar beet pulp (SBP) is the major by-product in sugar industry. To make profit out of this 11 undervalued residue, the FASTSUGARS process was proposed as a solution, combining 12 the advantages of supercritical water as hydrolysis medium with very short reaction times 13 in the so-called ultrafast reactors. Operating at 390 ºC, 25 MPa and reaction times between 14 0.11 and 1.15 s it was possible to convert SBP into sugars and to obtain a lignin-like solid 15 fraction. The highest yields of C-6 and C-5 sugars (61 and 71 % w/w, respectively) were 16 obtained at 0.11 s with the lowest yield of degradation products. The solid product obtained 17 at 0.14 s was thoroughly analyzed by acid hydrolysis, TGA and FTIR analysis to prove its 18 enhanced thermal properties and aromaticity. The FASTSUGARS process demonstrated 19 being a versatile and promising technology to be integrated in the future biorefineries. 20
• Sugars were selectively recovered from sugar beet pulp using SCW as reaction medium 23
• Ultrafast reactors allowed accurate control of reaction times in the range of milliseconds 24
• The solid product after hydrolysis was mainly composed of an acid-insoluble fraction 25 The success of a biorefineries eventually depends on the extent of integration that can be 53 achieved (Star-COLIBRI, 2011) (Okajima & Sako, 2014) (Okajima & Sako, 2014 ) 54 (Okajima & Sako, 2014) (Okajima & Sako, 2014) . Supercritical fluids are a promising 55 alternative to integrate the depolymerization, reaction and separation processes (Cantero et 56 al., 2015a) . In fact, using supercritical water (SCW, meaning water above its critical point: 57 374 ºC and 22 MPa) as reaction or extraction medium for biomass has several advantages 58
The pectin identification assay kit from Megazyme was employed to determine the pectin 149 fraction in SBP. Using this kit, pectin was dissolved in water at pH 12, yielding 150 polygalacturonic acids through the conversion of pectin into pectate. The pectate was 151 incubated with pectate lyase enzyme which broke the polygalacturonic acid, releasing 152 unsaturated oligosacchariedes which absorbed at 235 nm (Hansen et al., 2001) . As this kit 153 contained pectin from SBP as a standard, the pectin content was determined considering 154 that the absorbance from the pectin standard equaled to 100 % pectin content and therefore 155 the pectin percentage in raw material was calculated by comparison. 156
Analysis 157
The composition of the liquid product was determined by HPLC analysis, using a Shodex 158 SH-1011 column as described in previous works (Cantero et al., 2015b; Martínez et al., 159 2015) . The carbon content in the liquid product was determined by total organic carbon 160 (TOC) analysis with Shimadzu TOC-VCSH equipment. 161
The solid product was separated by centrifugation, dried at 105 ºC for 24 h and weighted to 162 determine the suspended solids. Then, its composition was determined following the same 163 NREL procedure used for lignin determination in the raw material (Sluiter et al., 2010) . 164
Elemental C-S analyser, using a LECO CS-225 equipment, determined the carbon content 165 of the raw material and remaining solids. The solid fraction was also analyzed by 166 spectroscopy Fourier Transformed Infrared (FTIR) by using a Bruker Tensor 27. 167 Thermogravimetric analysis (TGA) was carried out in a TGA/SDTA RSI analyzer of 168 Mettler Toledo. 169
Experimental setup 170
The experiments with SBP were performed in the continuous hydrolysis plant of the so-171 called FASTSUGARS process. This FASTSUGARS plant was designed and built in a 172 previous work of our research group, which operating procedure was deeply described 173 before (Cantero et al., 2013; Cantero et al., 2015b; Martínez et al., 2015) . The reaction 174 section was modified for this work as shown in detail in Fig. S1 (supporting material) . 175
Then, the key factor in the FASTSUGARS process was the accurate control of the reaction 176 time, meaning the time that biomass and SCW spent together between the mixing point and 177 the reactor outlet. This was possible due to the unique characteristics of the FASTSUGARS 178 reactor. The reactions were instantaneously stopped by a sudden cooling generated by 179 decompressing the reactor from ~25MPa to ~0.2 MPa. That pressure drop produced an 180 instantaneous cooling effect by massive steam explosion (also known as Joule-Thomson 181 effect). This cooling mechanism uniquely stopped the reactions. The reaction times, 't R ' in 182 seconds, were calculated as shown in Eq. The sugar beet pulp was hydrolyzed in supercritical water at 390±5 ºC and 25±5 MPa at 198 different reaction times in the FASTSUGAR plant. In Table 2 , the main parameters used 199 for carbon balance were presented, which were calculated using the equations shown in the 200 supporting material. The carbon balance in the experiments was around 100%. The results 201 of carbon balance calculations are presented in Table S1 (supporting material), meanwhile 202 HPLC results are shown in Table S2 . Then, with all those data specific yields of each 203 compound were calculated and presented in Table S3 and also overall yield, conversion and 204 selectivity to sugars in the liquid effluent as shown in Table S4 . 205
3.2.Liquid product characterization 206
The main hydrolysis parameters were plotted in Fig. 1 and also presented in Table S4 . In 207 Fig. 1 it can be seen that C-6 and C-5 yields showed the same trend, since both decreased as 208 reaction time increased. That was the expected trend for biomass hydrolysis in supercritical 209 water, since the reactions of cellulose and hemicellulose hydrolysis were very fast in SCW 210 and very short reaction times were required to hydrolyze these fractions to sugars. In fact, 211 as reaction time increased, the produced sugars from both cellulose and hemicellulose 212 would be degraded into other products (see schematic reaction pathway at Fig. 2 ), therefore 213 decreasing the yields of sugars. So, for SBP it was possible to recover up to 71 % w/w of 214 hemicellulose as C-5 sugars and at the same time 61 % w/w of cellulose was recovered as 215 C-6 sugars at 0.11 s reaction time. Although hemicellulose was degraded faster that 216 cellulose, it can be seen that both polymers hydrolysis yielded similarly high sugars 217 recoveries. Reaction kinetics for cellulose were highly increased approaching hemicellulose 218 values and both yield were kept high because of the strict control of the reaction time in the 219 FASTSUGARS process. In previous studies, the hydrolysis of pure cellulose in 220 supercritical water was carried out under similar conditions (400ºC, 25 MPa) in the 221 FASTSUGARS plant, allowing to recover up to 98 % w/w of inlet cellulose as C-6 sugar 222 after 0.02 s of reaction time (Cantero et al., 2013) . However, when hydrolyzing a real 223 biomass such as wheat bran under same conditions, it was found that higher reaction times 224 were needed to obtain high recoveries of both cellulose and hemicellulose sugars (Cantero 225 et al., 2015b) . 226
Comparing SBP to wheat bran results, despite their differences, they showed very similar 227 values for maximum C-6 yield (being 63 % w/w for wheat bran and 61 % w/w for SBP). 228
However, these results were not obtained under same reaction time conditions, since for 229 wheat bran maximum C-6 yield was achieved at 0.22 s meanwhile for SBP just 0.11 s were 230 necessary. A possible reason might be the particle size of each biomass, being 60 µm for 231 SBP and 125 µm for wheat bran. Wheat bran having a higher particle size would need 232 higher reaction time to get same yield than sugar beet pulp. In fact, taking into account the 233 conversion calculated by Eq. S11 and shown in Table S4 , it could be seen that under same 234 reaction time conditions (experiments at 0.19 s were performed for both biomass), the 235 conversion for SBP was 99 %, meanwhile for wheat bran it was lower (93 %), 236 corroborating that having a bigger particle size, higher reaction time was required to 237 achieve same conversion and therefore same C-6 yield from cellulose. It was already 238 proved that biomass particle size significantly affected hydrolysis processes, since smaller 239 particles have larger surface area per unit of volume, improving the accessibility to 240 cellulose and hemicellulose fractions (Dasari & Eric Berson) . 241
In order to better understand the different reactions simultaneously occurring during SBP 242 hydrolysis in SCW, Fig. 1 represented also the yield of the main components detected by 243 HPLC in the liquid product, also separately shown in Table S3 (supporting material). 244
Moreover, the reaction pathway for both cellulose and hemicellulose hydrolysis in SCW 245 was shown in Fig. 2 , where it could be seen that once the monomeric sugars from cellulose 246 (glucose and fructose) and from hemicellulose (xylose and arabinose) were obtained they 247 could yield retro-aldol condensation (RAC) products and/or acids. Then, C-5 and C-6 248 sugars, RAC and acids yields were plotted together in Fig. 1 . As it can be seen in the figure, 249 for C-6 sugars the yield remained constant (being around 55 %) when reaction times were 250 between 0.11 and 0.23 s and then suddenly decreased to 10 % at 1.15 s. The conversion 251 achieved for reaction times between 0.11 and 0.23 s was close to 100 % but it only reached 252 100 % at 1.15 s. This fact would suggest that reactions times higher than 0.23 s were 253 needed to get total conversion and therefore complete access to the intricate biomass 254 matrix. Then, as reaction time increased, more severe reaction conditions were achieved 255 and complete conversion was obtained as a result, releasing the most resistant fractions of 256 biomass and making them available for hydrolysis. With a higher reaction time, the 257 hydrolysis of that released cellulose would lead to degradation instead of sugars production, 258 drastically decreasing the C-6 sugars yield. So that, conversion gave an idea of the extent of 259 the hydrolysis reaction. On the other hand, for C-5 sugars, a more pronounced decrease 260 occurred when increasing reaction time. Since hemicellulose is more labile than cellulose, it 261 was more rapidly degraded as reaction time and conversion increased. The behavior of both 262 C-5 and C-6 yields matched the behavior of RAC and acids yields. As reaction time 263 increased, the sugars yields decreased and at the same time the degradation products yields 264 increased, due to the transformation of the sugars into RAC products and/or acids. When 265 looking at Table S3 it can be seen that the overall degradation yield (considering RAC 266 products, acids but also 5-HMF) at 0.11 s was 44 %, due to cellulose and hemicellulose 267 degradation, but also from pectin hydrolysis as shown in Fig. 2 . Pectin is representing 28% 268 of the feedstock and is a structural heteropolysaccharide which repeating unit is D-269 galacturonic acid that forms a hydrated gel that "glues" the cell wall components together 270 (Himmel et al., 2007) . Pectin also contains neutral sugars as rhamnose, arabinose, mannose, 271 galactose, xylose and even glucose in its chains (Chen et al., 2016) . Those free sugars 272 seemed to be already degraded at 0.11 s, yielding glycolaldehyde and residual galacturonic 273 acid from the very beginning. So that, even though the highest sugars yield was achieved, 274 some degradation was already going on at the shortest reaction time mostly due to pectin 275 hydrolysis. Anyway, as the objective in this work was to obtain the highest sugars yield 276 with the lowest degradation, 0.11 s was found to be the optimal reaction time for the 277 production of sugars from SBP through supercritical water hydrolysis in the 278 FASTSUGARS plant. In fact, as a real application for the effluent of this process, the liquid 279 product from SBP hydrolysis in SCW by the FASTSUGARS process produced in parallel 280 to this work was hydrogenated over Ru/MCM-48 to obtain a mixture of hexitols and 281 ethylene glycol (Romero et al., 2016) , which is a widely applied feedstock in the plastic and 282 polyester industries. Therefore, it was proved that the liquid effluent obtained via the 283 FASTSUGARS process was a suitable feedstock for the future biorefineries to produce 284 valuable products from biomass that could compete with the petroleum-derived products. 285
The conventional method for sugars' recovery from SBP consisted on enzymatic 286 hydrolysis, usually with a previous dilute acid pretreatment. The goal of the pretreatment 287 was to solubilize hemicellulose and make residual cellulose more degradable by enzymes 288 (Zheng et al., 2013) . The authors of that previous work obtained a liquid rich in C-5 sugars 289 (arabinose recovery was up to 68 % w/w) and the 5-HMF yield was around 10 % w/w after 290 acid pretreatment. Then, after the enzymatic hydrolysis the total reducing sugars yield was 291 around 60 % w/w. For the current work, Table S3 showed the detailed composition of raw 292 SBP in terms of constituent sugars together with the recovery for each individual sugar at 293 different reaction times. It can be seen that maximum glucose recovery was up to 64 % w/w 294 and 74 % w/w of the arabinose was recovered after the FASTSUGARS process. On the 295 other hand, the maximum total sugars yield was 66 % w/w, with a 5-HMF yield of 2 % 296 w/w. So that, when compared to enzymatic hydrolysis, the FASTSUGARS technology 297 allowed improving both cellulose and hemicellulose recovery as sugars in just one efficient 298 step, increasing total sugars yield and reducing fermentation inhibitors at the same time. 299
Another aspect to take into account when comparing SCW technology to conventional 300 enzymatic hydrolysis would be the thermo-economical and environmental analysis. In a 301 previous study, both processes were compared for sugar cane bagasse hydrolysis and it was 302 concluded that SCW technology allowed reducing the total investment of the biorefinery 303 and the water intake (Albarelli et al., 2017) . Moreover, several alternatives were proposed 304 to improve the energetic efficiency of the FASTSUGARS process, from the coupling of the 305 ultrafast reactors to commercial combined heat and power (CHP) systems (Cantero et al., 306 2015c) to the use of a green desuperheater as an alternative to decompression valve 307 (Vaquerizo & Cocero, 2018) . So that, the improved yields obtained in the case of SBP and 308 the lower cost associated to SCW technology, proved that FASTSUGARS process is a 309 promising and versatile technology to convert biomass into sugars in a sustainable way. 310
Then, if comparing the current results to the ones obtained from similar technologies 311 involving SCW hydrolysis of agricultural biomass, FASTSUGARS technology also 312 improved existing results. When converting corn stalks under combined supercritical and 313 subcritical conditions in a flow reactor, the maximum recovery of C-6 sugars was 68 % 314 w/w with less than 2 % w/w of C-5 sugars (Zhao et al., 2012) . The supercritical reaction in 315 that study was carried at 380 ºC with a reaction time of 9 seconds. Comparatively speaking, 316 reducing temperature in that work, slowed down the cellulose hydrolysis rate, which 317 allowed obtaining slightly higher C-6 sugars recovery compared to the current work. 318
However, increasing reaction time resulted in total degradation of hemicellulose, which not 319 occurred in the present study. All in all, operating with the FASTSUGARS plant at 390 ºC 320 and 0.11 s it was possible to simultaneously and selectively recover both cellulose and 321 hemicellulose as sugars. 322
3.3.Solid product characterization 323
Once the liquid effluent was completely characterized, the solid product composition 324 compared to the raw material composition was shown in Fig. 3 . As it was shown in Table  325 2, the amount of solid obtained after each experiment was almost negligible in terms of 326 mass, but it was important to study the evolution of the hydrolysis process with time 327 regarding the remaining solid composition and also allowed closing the mass balance. 328
Lignin is a complex high molecular weight compound with highly random structure, which 329 makes it difficult to completely liquefy the lignin fraction from biomass (Brunner, 2014) . 330
Under the conditions selected for the current work remaining solid was always obtained, so 331 it was not possible to achieve total liquefaction of the initial biomass. That was probably 332 due to the depolymerization and repolymerization reactions that lignin was suffering under 333 supercritical water conditions (Wahyudiono et al., 2008 ) that produced a solid mostly 334 insoluble in acid. In fact, as it can be seen in Fig. 3 , the main fraction found in the solid 335 product was that acid-insoluble fraction (AIF) in all cases. The AIF content in the 336 remaining solid increased when increasing reaction time, meanwhile the hydrolysable 337 fractions, decreased with reaction time. In Fig. 3 it can be seen that the amount of sugars 338 still trapped in the remaining solid at the shortest reaction time was as high as 25 % w/w, 339 suggesting that higher reaction times were needed to fully hydrolyze cellulose and 340 hemicellulose to sugars. Then, when increasing the reaction time above 0.14 s, the sugars 341 content in the remaining solid continuously decreased from 21 % w/w at 0.14 s to 1 % at 342
s. 343
In order to better understand the effect of SCW hydrolysis on the solid product and the 344 nature of its AIF, thermogravimetric analysis (TGA) was performed to a solid sample 345 obtained after supercritical water hydrolysis, being the operating conditions 392 ºC, 25 346 MPa and 0.14 s and also to the raw material. TGA and DTG (derivative thermogravimetric) 347 profiles for both raw material and solid after reaction were presented in Fig. 4 . In terms of 348 complex biomass, it is widely accepted that its thermal degradation is divided in three 349 stages: first moisture drying, then a devolatilisation that takes place in the range of 200 -350 400 ºC which is related to the labile fractions from biomass. This degradation process is 351 then followed by a continuous slight devolatilisation related to lignin (Fisher et pectin and cellulose pyrolysis (Fisher et al., 2002) , the DTG peaks of the raw SBP were 362 identified by comparison to pure compounds curves. So that, the first peak of raw material 363 DTG shown at 258 ºC was due to both pectin and hemicellulose degradation. Next peak at 364 304 ºC was due to secondary pyrolysis of hemicellulose and the peak at 348 ºC was 365 attributed to cellulose decomposition. That last peak was not only due to cellulose but also 366 to lignin (in a minor proportion). 367
On the other hand, when taking a look to the TG curve of the solid product after reaction a 368 similar behavior was found, with the cellulose, hemicellulose and pectins degradation curve To analyze the thermal behavior, several parameters were calculated through TGA results 388 and shown in Table 3 according to previous works (Cotana et al., 2014; Mohamad Ibrahim 389 et al., 2011). In first place, the temperature that produced 50 % degradation of the sample 390 was calculated. It can be seen that this temperature was higher for the treated solid, so it 391 could be said that after FASTSUGARS process, the resistance of the solid to thermal 392 degradation and therefore thermal stability was improved (shifting from 335 ºC for the raw 393 SBP to 444 ºC for the treated solid). The temperature to 50 % weight loss for the solid after 394 reaction (444 ºC) was higher to the one found for kraft lignin (430 ºC terms of ash content, it could be seen that ash content was around 8 times higher for the 405 solid after reaction compared to the raw material. After the FASTSUGARS process, the 406 hydrolysable fractions were removed from the remaining solid to the liquid product and 407 therefore the solid was concentrated in other compounds such as ash (see Fig. 3 ). 408
Then, FTIR analysis was performed to the raw material and the solid product obtained after 409 reaction (same conditions before: 390 ºC, 25 MPa and 0.14 s) to have some insight about 410 the changes produced by the FASTSUGARS process in the chemical structure of the solid. 411
Both FTIR spectra were shown in Fig. S3 and, in order to compare, several regions were 412 identified and collected in Table S6 . When comparing both spectra in Fig. S3 , a remarkable 413 difference in the regions related to lignin was observed, since sharper peaks appeared for 414 the solid after reaction compared to the raw SBP (see detailed areas plotted in Fig. S3a,  415 S3b, S3c, S3d and S3e). So that, the enhancement of these peaks meant that the aromatic 416 nature of the solid after FASTSUGARS process was enhanced in detriment of its 417 carbohydrate content. In fact, the reduced carbohydrate content was obvious when 418 comparing the intensity of certain bands in the miscellaneous regions of the raw material 419 spectra (meaning regions related to cellulose, hemicellulose and lignin), so that when 420 removing the polysaccharides from the solid during the FASTSUGARS process, these 421 peaks were considerably reduced. 422
Through several analyses (acid hydrolysis, TGA and FTIR) it was proved that the solid 423 product obtained after FASTSUGARS process was mainly composed of an acid-insoluble 424 fraction (AIF), being a combination of insoluble lignin from the raw material and char 425 produced during SCW hydrolysis. Increasing the reaction time, the AIF increased in the 426 solid since the cellulose and hemicellulose were hydrolyzed until hollowing out the cell 427 wall leaving behind the most recalcitrant fractions of biomass: ash and acid-insoluble 428 residue. It was also proved that the FASTSUGARS treatment improved the thermal 429
properties of the solid and enhanced its aromatic nature. 430
As a step towards integrated biorefineries, coupling the SCW hydrolysis of SBP in the 431 exiting industrial facilities for sugar production would allow the energetic integration of the 432 process with current heat and power generation systems, like the gas turbine processes. So, 433 after sugar production from beet a wet by-product, meaning SBP, would be produced. If 434 that SBP would be directly feed to the FASTSUGARS process, three products would be 435 obtained: (1) a liquid product containing sugars and building blocks such as 436 glycolaldehyde; (2) a solid product with enhanced thermal properties and aromaticity and 437 (3) a high-pressure steam composed almost exclusively of water. Then, both liquid and 438 solid product should undergo downstream processes to obtain marketable products such as 439 ethylene glycol or sorbitol from the liquid and on the other hand, the solid fraction could be 440 purified to produce composite additives. Additionally, the steam could be injected to the 441 combustor of a gas turbine in order to increase the energy (shaft work) production (please 442 refer to previous work for concept evaluation (Cantero et al., 2015c) ). Therefore, the 443 integration of the FASTSUGARS process would transform the sugar production process 444 into a closed loop system, increasing the value of the ending products (SBP mostly used as 445 animal feed would be converted to valuable building blocks) and reducing the energy 446 demand through the energetic integration developed in a previous work (Cantero et al., 447 2015c) . 448
Conclusions

449
Sugar beet pulp was hydrolyzed for the first time in supercritical water for sugars recovery. 450
The FASTSUGARS process allowed the selective and simultaneous recovery of both 451 cellulose and hemicellulose fractions as C-6 and C-5 sugars, which was not possible 452 through enzymatic hydrolysis. Apart from testing a new biomass, the reaction temperature 453 for this study was dropped from previous studies at 400 ºC to 390 ºC to evaluate the ability 454 of the system to still produce high sugars' selectivity while cutting the energy demand. In 455 this way, a liquid effluent suitable for further conversion into ethylene glycol and sorbitol 456 was obtained. On the other hand, a solid product was obtained which could be used as 457 additive for composites production. Moreover, the FASTSUGARS process would allow the 458 energetic integration into the current sugar production industry. All in all, the 459 FASTSUGARS process demonstrated being an effective method to perform the 460 supercritical water hydrolysis of sugar beet pulp, operating at 390 ºC, 25 MPa and reaction 461 time of 0.11 s, yielding 66 % of total sugars. 462 Tables and Figures captions  613   Table 1 . Compositional analysis for SBP (dry basis). 614 Table 2 . Input data for SBP hydrolysis calculations in SCW in the FASTSUGARS plant. 615
Five samples per experiment were collected to be representative. 616 Table 3 . Thermal properties for raw SBP and solid collected after SCW hydrolysis at 617 FASTSUGARS process (392 ºC, 25 MPa, 0.14s). 618 
